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Comparison of the Stark effect on the QY transitions of the pigments in reaction centers of Rb. sphaeroides 
and Rps. viridis at 77 K shows great similarity in the long-wavelength absorption of the bacteriochlorophyll . 
dimer but differs significantly in the absorption region of the accessory bacteriochlorophylls and bacterio- 
pheophytins. 
Stark effect; Absorption spectrum; Reaction center; (Rb. sphaeroides, Rps. viridis) 
1. INTRODUCTION 
Of considerable interest for the understanding 
of the primary charge separation in reaction 
centers (RCs) of purple bacteria are electronic ex- 
citations which do not have their parentage in the 
excitation of a single pigment constituent of the 
electron-transfer chain. Such excitations involve 
charge-transfer states with an electron and a hole 
residing on different molecules. Optical spec- 
troscopy in external electric fields (Stark spec- 
troscopy) provides an optimal tool for the iden- 
tification of such charge-transfer states which, due 
to their small oscillatory strength, escape from 
direct observation in absorption or emission. A 
change of the absorption spectrum of the in- 
dividual pigments upon application of an electric 
field is expected if either (i) the electric field 
favours mixing of electronic states, (ii) the pola- 
rizabilities and/or (iii) the permanent dipole 
moments 1~1 of the ground and excited states are 
different. If one of these possible origins of the 
Stark effect predominates, characteristic elec- 
Correspondence address: H.P. Braun, Institut fiir Phy- 
sikalische und Theoretische Chemie, Technische Univer- 
sitgt Mtinchen, Lichtenbergstr. 4, 8046 Garching, FRG 
trochromic changes are observed which may either 
follow the absorption spectrum, its first or second 
derivatives corresponding to the cases (i)-(iii), 
respectively. 
The measurement of the Stark effect on the ab- 
sorption spectrum of RCs of Rb. sphaeroides R-26 
[1,2] embedded in a rigid polymer matrix showed 
a large Stark effect on the Qy absorption band of 
the primary donor, the bacteriochlorophyll dimer 
(BCp), which considerably exceeded the effect 
observed on the QY transitions of the accessory 
bacteriochlorophylls (BC) and the bacterio- 
pheophytins (BP). 
The Stark spectrum of the QY transitions of 
BCp, BC and BP in Rb. sphaeroides resembles 
crudely the second derivative of the absorption. 
band profiles, thus supporting the view that effect 
(iii) is the predominating one. This implies that the 
excitation of the dimer is accompanied by a much 
larger value lA,u( as compared to the monomer 
pigments BC and BP indicating that the permanent 
dipole moment associated with the ground state of 
the dimer differs significantly from that of the 
electronically excited state. In the simplest picture 
this could be due to the heavy mixing of charge- 
transfer states with the neutral electronic excitation 
of the dimer. Two types of charge-transfer states 
Published by Elsevier Science Publishers B. V. (Biomedical Division) 
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can be considered in this context: 
(A) Dimer charge-transfer states, 
~[(BCP+L BCPM)> + P((WG_ BCP+M)> 
where (BCrt_ BCPM) corresponds to the two dimer 
components. Provided that the local environment 
of the two dimer components is different, these 
dimer-internal charge-transfer states are expected 
to contribute to the Stark effect due to their finite 
permanent dipole moment. 
(B) Dimer-monomer charge-transfer states. These 
states of the type 
a](BCitr BCPM) BC- > + PI(BCrr BC&) BC- > 
are characterized by a large permanent dipole mo- 
ment. The transition moment from the electronic 
ground state to these charge-transfer states is very 
small, so that their mixing with the lowest singlet 
neutral dimer excitation does not contribute to the 
integrated intensity of the dimer band but rather 
appreciably to the Stark effect. 
On the basis of the Stark spectrum [l] the 
change in dipole moment associated with the QY 
transition of the dimer in RCs of Rb. sphaeroides 
has been calculated resulting in IApj = 7 Debye [3] 
and the discussion of both types of charge-transfer 
admixtures (A) and (B) to ‘BCb. This value is also 
confirmed in more recent polarized Stark spectro- 
scopy 1~1 = (8.6 + 0.6) Debye [2]. It is larger by a 
factor of approx. 3.4 and approx. 2 than 1~1 for the 
accessory BCs and BPS, respectively. The mea- 
sured value of JApJ together with the measured 
angle between A,u and the transition dipole mo- 
ment for excitation of the QY state of BCP sug- 
gested a model in which the state ‘BCF has 
substantial charge-transfer character [2]. 
This interpretation of the large Stark effect on 
the dimer band is also supported by recent MO cal- 
culations [4,5] which indicate that deviation of the 
dimer structure from CZ symmetry induces a con- 
siderable charge asymmetry in the excited singlet 
state of the dimer. According to these calculations 
on RCs of Rps. viridis, the static dipole moment of 
‘BC$ is larger than that of the corresponding 
singlet ground state, and approximately anti- 
parallel to the latter. According to these calcula- 
tions, the essential charge-transfer contribution to 
the dimer absorption is expected to originate from 
the dimer charge-transfer state (A). 
Here, we compare the electric field-modulated 
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absorption spectra for the QY region of Rps. viridis 
and Rb. sphaeroides RCs. In order to improve the 
spectral resolution as well as to increase the ampli- 
tude of the electrochromic effect through narrow- 
ing of the absorption bands the measurements are 
performed at 77 K. 
2. MATERIALS AND METHODS 
2.1. Samples 
RCs of Rb. sphaeroides and Rps. viridis were 
prepared by standard methods in the laboratories 
of J.B. and H.M., respectively. At a concentration 
of typically = 10m4 mol/l these were embedded in 
polyvinyl alcohol films (PVA; Wacker; M, 40000) 
with a final thickness of = 0.15 mm. Only the op- 
tically isotropic central patch of the cast film was 
used which was tested with respect o its mechani- 
cal homogeneity and also to its optical isotropy. 
When a stress-induced birefringence was observed 
(occurring predominantly at the rim of the film), 
an additional electro-optic modulation was found 
to be superimposed on the quadratic Stark effect. 
The film was sandwiched between two glass slides 
coated with SnOz (surface resistance 100 O/cm*) 
allowing for = 90% transmission in the visible and 
near-infrared range. In order to prevent plasma 
discharge the air gap between sample and electrode 
(of the order ofpm) was filled with silicone grease. 
Measurements applying this Stark capacitor 
method might suffer from dielectric losses that 
may occur within the PVA film due to the presence 
of polar contaminants. These may lower the local 
electric field strength acting on the RC. Thus, for 
the quantitative treatment of Stark spectra an in- 
ternal standardization procedure is required, e.g. 
by incorporating carotinoids. 
2.2. Apparatus 
The sample was mounted in a bath cryostat and 
probed with light from a 250 W tungsten lamp 
which had passed a monochromator (25 cm, re- 
solution 10 nm). The intensity of the probing light 
was typically l-2pW/cm*. A sinusoidal voltage 
(O-6 kV,fr) with a frequency of 4.7 kHz and low 
harmonic distortion was applied to the conducting 
glass slides. The modulation of the transmitted 
light intensity was detected with a cooled ger- 
manium diode. The photocurrent was measured 
with a lock-in amplifier (SR 530) and the two or- 
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Fig.1. Absorption (a), second derivative (b) and Stark 
spectra (c) for the Qy region of Rb. sphaeroides RCs in 
PVA film at 77 K (Fext = 60 kV/cm). 
thogonal components of the Stark signal appearing 
at twice the frequency of the external voltage were 
recorded together with the unmodulated transmit- 
ted light intensity ZO. The absorption spectra were 
measured in the Stark capacitor using a blank PVA 
film as reference. 
3. RESULTS AND DISCUSSION 
The Stark spectra of the RC of Rb. sphaeroides 
and Rps. viridis measured at 77 K are shown 
together with their absorption spectra and the 
second derivative thereof in figs 1 and 2, re- 
spectively. 
The characteristics of low-temperature absorp- 
tion spectra (e.g. the red shift and narrowing of the 
dimer band) of both RCs in glassy aqueous solu- 
tions [6,7], polyacrylamide gel [8] and dried films 
b) 
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Fig.2. Absorption (a), second derivative (b) and Stark 
spectra (c) for the Qy region of Rb. viridis RCs in PVA 
film at 77 K (Fext as in fig.1). 
[9] persist in the PVA matrix (the small absorption 
peak at 950 nm in the absorption spectrum of Rps. 
viridis is a degradation product depending on age 
and the preparation procedure). 
Comparing the previous room-temperature 
Stark spectra [1,2] of Rb. sphaeroides RCs with 
the Stark spectrum in fig.1, the most prominent 
feature is conserved at 77 K: the larger amplitude 
of the electrochromic effect in the dimer band 
relative to that observed in the absorption region 
of the monomer pigments, BC and BP. As also 
observed at room temperature, the Stark spectrum 
at 77 K (although showing a small red shift of 
= 5 nm) follows crudely the second derivative of 
the absorption spectrum. This indicates again a 
change in the transition dipole moment as the 
dominant effect of the external field. The overall 
ratio of the integrated Stark effect on dimer and 
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Fig.3. Comparison of Stark spectra of Rb. viridjs and 
Rb. sphaeroides RCs at 77 K by mounting two PVA 
films containing either RCs in series within the Stark 
cell. 
monomer absorptions is similar to that at room 
temperature. We observed that the ratio of the 
Stark modulation AZ vs the dimer absorption may 
change with external conditions of the sample, e.g. 
age, dehydration, aggregation, partial orientation, 
etc. Another possible artifact consists of the field- 
dependent recombination of the oxidized dimer 
and the reduced ubiquinone (Q-) under the condi- 
tion of the PVA film as reported in the literature 
[lo]. Apart from recombination studies on RCs in 
lipid bilayers [ll], the prompt appearance of the 
Stark modulation at an operating frequency of 
2: 10 kHz, however, excludes the contribution of 
the slow recombination P+Q- -+ PQ on a time 
scale exceeding 100 ms. 
In a qualitative comparison of the Stark spectra 
of Rb. sphaeroides and Rps. viridis in figs 1 and 2, 
the most striking features are: 
(1) Stark effect on dimer absorption 
The amplitude and characteristics of the Stark 
effect seem to be similar for the two RCs.. In order 
to exclude differences in the local electric field 
strength, two equally prepared films containing 
either RCs of Rb. sphaeroides and Rps. viridis 
were mounted in series in the same Stark cell. The 
electrochromic spectrum thus obtained (fig.3), 
shows the equivalency of the magnitude of the 
Stark effect on the dimer band in both RCs. A 
similarly equivalent Stark effect is measured when 
both RCs are mixed (1: 1) within the same film. 
As observed for RCs of Rb. sphaeroides, the 
Stark spectrum of Rps. viridis resembles the sec- 
ond derivative of the absorption spectrum, in- 
dicating that the change in the charge distribution 
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following excitation is the same in both RCs. Since 
the rates of the primary electron transfer ‘BCb-BC- 
BP + BC$-BC-BP- are also the same [12,13] and 
both rates are activationless, the electronic 
coupling should be the same. Then the structure of 
the two RCs should be very similar as indeed has 
been found [ 14-161 and a similar magnitude of Ap 
in both RCs should be expected. 
Surprisingly, in both RCs the electrochromic ef- 
fect at the long-wavelength absorption of the 
dimer crosses the zero baseline. This could in prin- 
ciple point to a lower-lying charge-transfer state 
characterized by small oscillatory strength and 
therefore not detectable in direct absorption. Al- 
though these findings are preliminary, they focus 
on the inherent strength of Stark spectroscopy be- 
ing able to resolve extremely weak optical transi- 
tions provided that the change in either the 
permanent dipole moment and/or polarizability is 
sufficiently large. 
(2) Stark effect on the 800 nm and 830 nm Qy 
absorption bands of BC and BP [8,17] 
The relative Stark effect in this region of the 
spectrum is significantly smaller in RCs of Rps. 
viridis as compared to Rb. sphaeroides. In princi- 
ple, this can be due to different effects: 
(a) In the RC of Rps. viridis, the overlap of the 
BP and BC QY absorption bands is much larger 
than in Rb. sphaeroides. Thus, the smaller magni- 
tude of the Stark effect in this region for Rps. 
viridis compared to Rb. sphaeroides could be due 
to some cancellation effects due to the overlap of 
positive and negative contributions from the Stark 
spectra of the different transitions in the former. 
In addition, the upper excitonic band of the dimer 
transition could in a different way be superim- 
posed on the absorptions of the two RCs. 
(b) An enhanced mixing between ‘BCT: and the 
excitation of BC and BP. ‘BCb also includes the 
higher exciton component and the dimer-internal 
charge-transfer state A (BC$-BCp). Due to the 
closer energetic proximity of the dimer and the 
monomer excitation this mechanism should be 
favoured in Rb. sphaeroides as compared to Rps. 
viridis. 
(c) The admixture of dimer-monomer charge- 
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transfer states B (BC&BC-) to the excitation of 
BC. 
A distinction between the mechanisms (b) and (c) 
can be made on the basis of the direction of the 
field-dependent change of the dipole moment. For 
interpretation (b) to apply, the directions of Ap 
should be the same, and for (c), they should be dif- 
ferent in the two RCs. If mechanism (a) is the 
predominant one, the Stark effect in this region 
should respond strongly to the removal of one of 
the accessory BCs [ 181. 
In summary, the comparison of the Stark effect 
on the Qy transitions of the pigments in RCs of Rb. 
sphaeroides and Rps. viridis at 77 K shows great 
similarity in the long-wavelength absorption of the 
bacteriochlorophyll dimer but differs significantly 
in the absorption region of the accessory bacterio- 
chlorophylls and the -pheophytins. 
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